This article reports on the syntheses, characterization and applications of semi-synthetic conjugates composed of nucleic acids, proteins and inorganic nanoparticles. For example, self-assembled oligomeric networks consisting of streptavidin and double-stranded DNA are applicable as reagents in immunoassays, model systems for ion-switchable nanoparticle networks as well as nanometer-scaled 'soft material' standards for scanning probe microscopy. Covalent conjugates of single-stranded DNA and streptavidin are utilized as biomolecular adapters for the immobilization of biotinylated macromolecules at solid substrates via nucleic acid hybridization. This 'DNA-directed immobilization' allows for reversible and site-selective functionalization of solid substrates with metal and semiconductor nanoparticles or, vice versa, for the DNAdirected functionalization of gold nanoparticles with proteins, such as immunoglobulins and enzymes. This approach is applicable for the detection of chip-immobilized antigens. Moreover, covalent DNA-protein conjugates allow for their selective positioning along single-stranded nucleic acids, and thus for the construction of nanometre-scale assemblies composed of proteins and/or nanoclusters. Examples include the fabrication of functional biometallic nanostructures from gold nanoparticles and antibodies, applicable as diagnostic tools in bioanalytics.
The 'bottom-up' biomimetic assembly of programmed molecular building blocks provides a novel strategy for the generation of nanometre-scale functional devices and materials. Due to their size and evolutionarily optimized recognition capabilities, biomolecules, such as DNA and proteins, are currently being investigated as building blocks for the self-assembly of nanostructured architecture [1] . As an example, we have developed novel classes of semi-synthetic DNA-protein conjugates, self-assembled oligomeric networks consisting of streptavidin and doublestranded DNA [2] , which can be converted into well-defined supramolecular nanocircles [3] (Figure 1 ). The DNAstreptavidin conjugates are applicable as modular building blocks for the generation of novel immunological reagents for the ultrasensitive trace analysis of proteins and other antigens by means of immuno-PCR methodology [2, [4] [5] [6] . Immuno-PCR combines the specificity of an antibody-based immunoassay with the exponential amplification power of PCR, thereby leading to 1000-fold enhanced sensitivity as compared with standard ELISA techniques.
Additional applications of self-assembled DNAstreptavidin conjugates concern the developing field of nanobiotechnology. For instance, the conjugates are used as model systems for ion-switchable nanoparticle networks [7] , as nanometre-scale 'soft material' calibration standards for scanning probe microscopy [8, 9] , or as programmed building blocks for the rational construction of complex biomolecular Key words: bioconjugate, DNA-directed immobilization, DNA-streptavidin, nanobiotechnology, semi-synthetic, DNA-protein conjugate.
Abbreviation used: DDI, DNA-directed immobilization. 1 e-mail cmn@chemie.uni-dortmund.de architecture [10] , which might be used as templates for the growth of nanometre-scale inorganic devices [11, 12] .
Other developments, carried out by our group, concern covalent conjugates of single-stranded DNA oligomers and streptavidin [13] , which can be utilized as biomolecular adapters for the immobilization of biotinylated macromolecules at solid substrates via nucleic acid hybridization (Figure 2 ). This DDI (DNA-directed immobilization) proceeds with high immobilization efficiencies and allows for reversible and site-selective functionalization of solid substrates with proteins [13] [14] [15] , metal and semiconductor nanoparticles [16] , small-molecule groups [17] and other compounds. The DDI method has implications for various fields of technology: (i) DDI of proteins and small molecules can be used for the self-organized fabrication of biochips to be employed as a platform in biosensing [18, 19] , proteomics [20] and lab-on-a-chip devices [21] ; (ii) DDI of gold nanoparticles facilitates powerful strategies for microarray-based highsensitivity nucleic acid analyses [22, 23] ; and (iii) DDI of metal and semiconductor nanoparticles opens up novel methods for the self-organized formation of complex heterostructures and functional materials [16, 24, 25] .
The DDI-based fabrication of protein microarrays benefits greatly from optimized surfaces. To this end, we have recently employed PAMAM dendrimers, containing a large number of primary amino groups in their outer sphere, as an intermedate layer between the bioactive component and the solid substrate. This approach not only leads to an increase in signal intensity, and thus sensitivity in analytical assays, but also yields highly homogeneous biochips with outstanding physico-chemical stability, thus enabling multiple cycles of biochip regeneration [26, 27] . The covalent DNA-streptavidin conjugates are also convenient for constructions at the nanometre scale. For instance, they have been used for the DNA-directed functionalization of gold nanoparticles with immunoglobulins [28] . The resulting hybrid bioconjugates, which combine the highspecificity recognition capabilities of immunoglobulins and the extraordinary stability of DNA-functionalized colloidal gold, are applicable for the biochip-based detection of antigens.
Due to the high specificity of Watson-Crick base pairing, the covalent DNA-streptavidin conjugates also allow for selective positioning of biotin-derivatized molecular components along a single-stranded nucleic acid carrier molecule ( Figure 3) [13, 29] . Examples include the spatially controlled assembly of enzymes to form artificial multienzyme complexes with enhanced biocatalytic activity [30] , and the fabrication of functional biometallic nanoarrays from gold nanoparticles and biotinylated antibodies, applicable as tools in bioanalytics [31] .
